Gonadotropin-releasing hormone (GnRH) neurons are the primary central regulators of fertility, receiving input from GABAergic afferents via GABA A receptors. We tested whether metabotropic glutamate receptors (mGluRs) regulate GABA transmission to GnRH neurons and GnRH neuronal firing pattern. Whole-cell recordings were performed under conditions isolating ionotropic GABA postsynaptic currents (PSCs) in brain slices. The broad-spectrum mGluR agonist 1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) decreased the frequency of GABA A -mediated spontaneous PSCs in a reversible manner. Amplitude and kinetics were not altered, suggesting that afferent GABA neurons are the primary targets. TTX eliminated the effects of ACPD in most tested neurons. Group II [2-(2,3-dicarboxycyclopropyl) glycine] and III (L-AP-4) mGluR agonists mediated this response; a group I agonist (3,5-dihydroxyphenylglycine) was not effective. The broad-spectrum antagonist ␣-methyl-4-carboxyphenylglycine (MCPG) and/or (RS)-␣-cyclopropyl-4-phosphonophenylglycine (CPPG) (group III antagonist) enhanced spontaneous PSC frequency, particularly when initial frequency was low, suggesting that endogenous activation of mGluRs regulates GABA transmission to GnRH neurons. Extracellular recordings were used to evaluate GnRH neuron firing rate within the network. ACPD reduced firing rate, and MCPG plus CPPG had an opposite effect, indicating that mGluRs help control excitability of the GnRH network. GnRH neurons express vesicular glutamate transporters, suggesting they may corelease this transmitter. Simulation of firing activity in a GnRH neuron decreased PSC frequency in that cell, an effect blocked by antagonism of mGluRs but not GnRH receptors. These results demonstrate an inhibition of GABAergic inputs to GnRH neurons by mGluRs via a presynaptic mechanism. Through this mechanism, local glutamate milieu, possibly contributed by GnRH neurons themselves, plays an important role in modulating GnRH release and the central regulation of fertility.
Introduction
Gonadotropin-releasing hormone (GnRH) neurons of the preoptic/hypothalamic area form the final common pathway for the central regulation of reproduction. GnRH neurons receive a substantial portion of their synaptic input from GABA afferents (Leranth et al., 1985; Jansen et al., 2003; Pompolo et al., 2003) . Functional GABAergic synaptic transmission to GnRH neurons via ionotropic GABA A receptors varies as a function of reproductive state, and these changes may help drive reproductive cycles and transitions between fertile and infertile conditions (Sim et al., 2000; Moenter, 2004a,b, 2005) . Although the consequence of GABA A receptor activation in GnRH neurons is controversial (Sim et al., 2000; DeFazio et al., 2002; Han et al., 2002 Han et al., , 2004 Moenter et al., 2004; Moenter, 2004a, 2005) , mechanisms regulating this key synaptic input are poised to play a major role in the central regulation of fertility (Jarry et al., 1988; Kasuya et al., 1999; Bilger et al., 2001) .
Considerable evidence supports a role for metabotropic glutamate receptors (mGluRs) as a regulator of synaptic transmission (Nakanishi, 1992 (Nakanishi, , 1994 Conn and Pin, 1997) . mGluRs are G-protein-coupled receptors that can be divided into three main groups depending on sequence homology, signal transduction mechanisms, and pharmacology. Activation of mGluRs modulates a number of synaptic and membrane properties, producing both excitatory and inhibitory effects in many brain regions (Schoepp and Conn, 1993; Anwyl, 1999) including the hypothalamus (Schrader and Tasker, 1997; van den Pol et al., 1998) . mGluRs can affect action potential generation in the somatodendritic region, fine tune synaptic transmission at presynaptic terminals, and/or alter the responsiveness of the postsynaptic cell. In the hypothalamus, these receptors are most densely expressed in areas associated with neuroendocrine regulation (Meeker et al., 1994) .
Whether mGluRs play a role in central reproductive function through modulation of GnRH neurons is unknown. mGluRs have been implicated in the regulation of preoptic/hypothalamic astrocytic function, which is, in turn, likely important to the activity of GnRH neurons (Dziedzic et al., 2003) . Work using cultured transformed GnRH neuronal cell lines has shown mGluR agonists can activate GnRH release (Sortino et al., 1996) . To our knowledge, this has not been explored in native GnRH neurons nor are there reports on direct regulation of GnRH neurons or their upstream regulators by mGluR agonists or antagonists. A recent report that GnRH neurons express vesicular glutamate transporter 2 (VGLUT2) and are thus likely glutamatergic (Hrabovszky et al., 2004) provides additional possible mechanisms for local network feedback control of synaptic communication to these neurons via a glutamate-mGluR mechanism.
We performed a series of studies to examine the modulatory role of mGluRs on GABA A receptor-mediated postsynaptic currents (PSCs) in GnRH neurons and their effects on neuronal firing pattern of these cells. Our results suggest endogenous mGluRs play a role in regulating GABAergic neurons presynaptic to GnRH neurons and thereby the function of the GnRH neuronal network and that GnRH neurons may be one source of the glutamate activating these receptors.
Materials and Methods
Animals and slice preparation. Adult (2-3 month old) female mice expressing enhanced green fluorescent protein (GFP; Clontech, Palo Alto, CA) under the control of the GnRH promoter were used to facilitate identification of GnRH neurons (Suter et al., 2000) . Mice were maintained under a 14/10 h light/dark photoperiod with Harlan (Indianapolis, IN) 2916 chow and water available ad libitum. To avoid the confounding effect of changes in ovarian hormone during the estrous cycle, mice were ovariectomized under Metofane (Janssen Pharmaceuticals, North York, Ontario, Canada) or isoflurane (Burns Veterinary Supply, Westbury, NY) anesthesia 5-9 d before experimentation; time after gonadectomy did not affect results. The long-acting local anesthetic bupivicaine (0.25%; Abbott Labs, North Chicago, IL) was applied to surgical sites to minimize any distress of the procedure. The University of Virginia Institutional Animal Care and Use Committee approved all procedures.
All chemicals were purchased from Sigma (St. Louis, MO) unless noted. All solutions were bubbled with 95% O 2 and 5% CO 2 to maintain pH and oxygenation for at least 15 min before use and throughout experiments. Brain slices were prepared with slight modifications of previously described procedures (Nunemaker et al., 2002 (Nunemaker et al., , 2003a . In brief, mice were decapitated, and brains were quickly removed and immersed immediately for 30 -60 s in ice-cold sucrose buffer containing the following (in mM): 250 sucrose, 3.5 KCl, 26 NaHCO 3 , 10 glucose, 1.25 NaHPO 4 , 1.2 MgSO 4 , and 3.8 MgCl 2 . Sagittal brain slices (300 M) through the preoptic area (POA) and hypothalamus were cut using a Vibratome 1000 or Vibratome 3000 (Technical Products International, St. Louis, MO). Slices were transferred immediately into a holding chamber and incubated at 32-34°C for a 30 min recovery period in a mixture of 50% sucrose saline and 50% normal saline containing the following (in mM): 125 NaCl, 3.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.2 MgSO 4 , and 10 D-glucose, pH 7.4. Slices were then transferred to 100% normal saline and maintained at room temperature (ϳ21-23°C) until study (30 min to 8 h). Slices were transferred to a recording chamber mounted on the stage of an upright microscope (Olympus BX50WI; Odelco, Dulles, VA). The chamber was perfused continuously with normal saline at a rate of 5 ml/min at 32°C, and slices were stabilized in the chamber for at least 5 min before recording.
Recordings. Pipettes (2-4 M⍀) were pulled from borosilicate glass capillaries (outer diameter, 1.65 mm; inner diameter, 1.12 mm; World Precision Instruments, Sarasota, FL) using a Narishige model pp-830 puller (Pacer Scientific, Los Angeles, CA). Recordings were made in voltage-clamp mode of an EPC-8 or using one headstage of an EPC-10 dual amplifier (HEKA, Mahone Bay, Nova Scotia, Canada). Experiments were performed using PulseControl XOP (Instrutech, Port Washington, NY) or PatchMaster (HEKA). Signals were stored on a G4 Macintosh computer (Apple Computer, Cupertino, CA) using Igor Pro software (WaveMetrics, Lake Oswego, OR). Voltage signals were low-pass filtered at 5 kHz (whole-cell) or 10 kHz (extracellular) and digitized at 16-bit resolution (ITC-18 acquisition interface; Instrutech). During whole-cell recordings, input resistance (R in ), series resistance (R s ), and membrane capacitance (C m ) were continually measured. Only recordings with R in Ͼ500 M⍀, R s Ͻ20 M⍀, and stable C m were used for analysis. Data were further examined to make sure changes in R in or R s within acceptable limits did not influence results. For whole-cell recordings, a calculated liquid junction potential error of 0.3 mV was not corrected (Barry, 1994) . Neurobiotin or biocytin (0.5%) was included in some cells for morphological study.
GnRH-GFP neurons from the POA and ventral hypothalamus were identified by brief illumination at 470 nm. For whole-cell recording of GABA A receptor-mediated PSCs, pipettes were filled with high-chloride solution containing the following (in mM): 140 KCl, 10 HEPES, 5 EGTA, 4.0 MgATP, 0.4 NaGTP, and 1.0 CaCl 2, pH 7.3, 290 mOsm. To isolate GABAergic currents, ionotropic glutamatergic currents were blocked with a combination of 20 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 20 M D(Ϫ)2-amino-5-phosphonovaleric acid (D-APV). Under these conditions, GABA A receptor-mediated PSCs recorded at Ϫ60 mV are inward currents. After a control period, metabotropic glutamate receptor blockers or agonists (all from Tocris Cookson, Ellisville, MO) or tetrodotoxin (TTX; 0.5 M; Calbiochem, La Jolla, CA) were applied as detailed in Results, with each neuron serving as its own control. For extracellular recording, pipettes were filled with HEPES solution containing the following (in mM): 150 NaCl, 10 HEPES, 10 glucose, 2.5 CaCl 2 , 1.3 Mg Cl 2 , and 3.5 KCl. Loose seals of 10 -30 M⍀ were formed, and downward deflecting action currents were recorded in voltageclamp mode at 0 mV. Treatments were applied as detailed in Results, with each neuron again serving as its own control.
Analysis. PSCs were analyzed off-line using software developed in Igor Pro and by Minianalysis (Synaptosoft, Decatur, GA). Spontaneous events were detected automatically and confirmed by eye. Detection errors were corrected manually. Averaged PSC waveforms were generated for each 120 s recording time after aligning PSCs on rising phase. Interevent intervals, peak amplitude, rate of rise time, and 10 -90% decay time were measured. Data generated were transferred to a spreadsheet (Excel; Microsoft, Redmond, WA) or Instat (GraphPad Software, San Diego, CA) for additional statistical analysis. Cumulative probability distributions were made as described previously . Events during extracellular recordings were detected using custom software in Igor Pro (Nunemaker et al., 2002) .
All values are expressed as mean Ϯ SEM. Statistical comparisons were made using paired parametric or nonparametric tests as dictated by data distribution. Specific tests are indicated in Results. p Ͻ 0.05 was considered significant.
Results
A total of 216 GFP-identified GnRH neurons ( Fig. 1 A) from 109 animals were recorded in POA and ventral hypothalamus. No difference attributable to location or the GnRH neuron or time in chamber was observed.
Activation of mGluRs reduces spontaneous GABAergic PSC frequency in GnRH neurons
To determine whether metabotropic glutamate receptors play a role in regulating GABAergic communication with GnRH neurons, whole-cell recordings were performed on GFP-identified neurons under conditions to enhance and isolate GABAergic PSCs. At a holding potential of Ϫ60 mV, downward deflecting currents were completely blocked by the GABA A antagonist bicuculline (n ϭ 4; 20 M) ( Fig. 1 B) or picrotoxin (100 M; n ϭ 3) (data not shown), confirming that they were mediated by GABA A receptors.
As illustrated in Figure 1C , the broad-spectrum mGluR agonist 1-aminocyclopentane-1,3-dicarboxylic acid (ACPD) markedly suppressed spontaneous GABAergic PSCs (sPSCs) in GnRH neurons. This effect was dose dependent (30 -100 M) and reversible after washout. ACPD (100 M) completely abolished sPSCs in three of six cells tested; in the remaining three cells, sPSC interevent interval was markedly reduced. Because sPSCs were eliminated by 100 M ACPD in one-half of cells, kinetic studies were compromised. All additional experiments were thus performed with 50 M ACPD. At this concentration, ACPD reduced sPSC frequency in 11 of 13 cells tested in the initial experiment ( Fig. 1C ) and in ϳ85% of GnRH neurons tested with mGluR agonists in various parts of the following studies. This is reflected by an increase in interevent interval (1103 Ϯ 185 vs 3108 Ϯ 516 ms; n ϭ 13; p Ͻ 0.001; paired t test).
To help differentiate between presynaptic and postsynaptic locations for the mGluRs that mediate these effects, the amplitude and kinetics of sPSCs before and during application of ACPD were studied. Amplitude, decay time, and rate of rise were not affected by 50 M ACPD (Fig. 2 ). This is illustrated by the similarity in average PSC waveform before and during ACPD treatment (Fig. 2 A) , by the overlap in distribution plots of values for these parameters during the control, ACPD treatment, and washout periods (Fig. 2 B-D) , and by the summary bar graph of Figure 2 . ACPD increased interval but did not affect amplitude or kinetics of spontaneous PSCs. A, Average of spontaneous PSCs recorded over 2 min illustrating the average waveform under control (left) and ACPD (right) conditions. B-E, Probability distributions of rate of rise, decay time, amplitude, and interevent interval, respectively, from a typical cell during the control period, ACPD treatment, and drug washout. F, G, Mean Ϯ SEM interevent interval and amplitude, respectively; n ϭ 13. *p Ͻ 0.05 in E; *p Ͻ 0.001 in F. con, Control; wash, washout.
mean amplitude values (Fig. 2G ). Because amplitude and decay time may be mediated at the postsynaptic level, these data imply a lack of effect on the postsynaptic GnRH neuron at least with regard to its response to activation of GABA A receptors. In contrast, interevent interval ( Fig. 2 E, F ) was markedly increased by ACPD ( p Ͻ 0.05; Komolgorov-Smirnov test). The difference was evident over most of the interevent interval distribution (note deviation of ACPD trace at ϳ0.35 on the ordinate of Fig.  2 E) . This deviation point may reflect a heterogeneous phenotype of GABAergic afferents with regard to mGluR activation but is a consistent observation among cells.
To further explore the possible presynaptic mechanisms by which mGluRs reduce frequency of sPSCs, the effects of ACPD were evaluated in the presence of TTX (0.5 M) to block action potential-dependent effects. PSCs recorded in the presence of tetrodotoxin are independent of propagated action potentials and are referred to as miniature PSCs (mPSCs). In the presence of TTX, most cells (9 of 13) no longer exhibited a reduction in mPSC frequency after ACPD treatment (Fig. 3 A-C , filled symbols in G), suggesting that mGluR activation in the somatodendritic region of the presynaptic GABA neuron reduces the ability to generate action potentials. In contrast, in a few cells (4 of 13), ACPD increased mPSC interevent interval by more than twofold (Fig. 3D-F , open symbols in G). This suggests that in some GABAergic afferents, mGluRs located in the terminals can alter mechanisms that contribute to action potentialindependent, random thermodynamic release of vesicles. There was no change in any cell in the amplitude of mPSCs after treatment with ACPD ( Fig. 3 B, E) , consistent with the above observation for sPSCs and suggesting that the primary actions of mGluR in altering GABAergic transmission to GnRH neurons are at the presynaptic cell.
Group II and III receptors mediate effects of mGluRs on GABA PSCs in GnRH neurons
To further characterize the effects of mGluR on GABA PSCs, the effects of agonists specific for different subtypes of mGluR receptors were examined. The group I agonist 3,5-dihydroxyphenylglycine (DHPG) (50 M; n ϭ 9) had no effect on any property of GABA PSCs in GnRH neurons ( p Ͼ 0.5) (Fig. 4 A, B,E) . Because group I receptors are typically located postsynaptically, this is consistent with the lack of effect of mGluRs on PSC amplitude and kinetics in GnRH neurons. In contrast to the lack of effect of group I agonists, both group II [2-(2,3-dicarboxycyclopropyl) glycine (DCG-IV); 1 M] (Fig. 4C ,E) and group III (L-AP-4; 50 M) (Fig. 4 D, E) agonists reduced the frequency of sPSCs in a subset of GnRH neurons. Specifically, group II agonists reduced frequency in all cells (n ϭ 20; p Ͻ 0.001), and group III agonists reduced frequency in 9 of 13 cells (n ϭ 13; p Ͻ 0.05). Again, there was no effect of these agonists on kinetics or amplitude (data not shown), and no cell tested responded only to the group III agonist To determine whether GnRH neurons receive GABA drive from different functional subpopulations of GABA afferents that are distinguished by mGluR subtype, group II and III agonists were applied in sequence during recording of the same GnRH neuron (n ϭ 12) (Fig. 5) . In 6 of 12 cells, both group II and III agonists reduced frequency; in 4 of 12 cells, only group II agonists were effective; and in 2 of 12 cells, there was no response. Order of agonist application had no effect (six cells, group II first; six cells, group III first). This suggests GABA afferents of GnRH neurons primarily express group II mGluR and that a subset also expresses group III receptors.
Endogenous activation of mGluRs affects GABA PSCs
The above studies clearly demonstrate an effect of exogenously applied activators of mGluR on GABAergic PSCs, but a more biologically interesting question is whether or not endogenous glutamate alters the activity of these afferents. To test this, the effects of the broad-spectrum mGluR antagonist ␣-methyl-4-carboxyphenylglycine (MCPG; 1 mM) on sPSCs were tested (Fig. 6) . At this dose, MCPG is less effective at blocking group III mGluRs. To ensure effective blockade of this receptor subtype, (RS)-␣-cyclopropyl-4-phosphonophenylglycine (CPPG; 200 M), a specific group III antagonist, was added with MCPG in some cells; data were similar, and only data from MCPG alone are shown (n ϭ 19 cells, MCPG alone; n ϭ 11 cells, MCPG plus CPPG). The overall effect of MCPG alone or in combination with CPPG was to increase the frequency of GABAergic sPSCs, reducing interevent interval ( p Ͻ 0.01; paired t test) (Fig. 6C,D) . It is of interest, however, that the magnitude of the effect of mGluR antagonism depended on the con- trol sPSC frequency in a cell. Specifically, antagonists had less effect in cells in which PSC frequency was high (Fig. 6A) , whereas a marked increase in frequency (reduction in interval) was evident in cells receiving an initially low frequency of GABAergic transmission (Fig. 6B) . This is further illustrated by the plot of the interevent interval in all cells tested with mGluR antagonists before, during, and after treatment (Fig. 6C,D) and by regression analysis of initial interevent interval versus percentage change in interval ( p Ͻ 0.005; regression analysis, r ϭ 0.65) (Fig. 6E) . Together, these results suggest endogenous activation of mGluRs plays a key role in regulating GABA transmission to GnRH neurons. The frequency dependence of this response suggests that when PSC frequency is high, there is little endogenous activation of mGluRs, whereas when frequency is low, there is endogenous activation of mGluRs. mGluR modulation alters the activity of GnRH neurons GnRH neurons display complex rhythmic patterns of firing activity and secretion. To investigate the role of mGluR activation on the activity of GnRH neurons, targeted loose-patch extracellular recordings were made of firing rate before, during, and after treatment with mGluR agonists or antagonists. This method has the advantage of looking at the integrated activity of the GnRH neuron in its network but the disadvantage of a greater probability that the effects observed in the cell of interest are multisynaptic, because no transmitter receptor antagonists are present. Nonetheless, this method can provide insight into the functional consequence of mGluR activation on the activity of GnRH neurons.
Firing frequency was decreased by the broad-spectrum mGluR agonist ACPD (50 M) from 0.8 Ϯ 0.3 Hz during the control period to 0.2 Ϯ 0.1 Hz during treatment (n ϭ 12; p Ͻ 0.03). Figure 7A shows a representative example, and Figure 7C illustrates the percentage change from control; the latter reveals the direction of change in firing while normalizing for different initial firing rates. In contrast, blockade of endogenous activation of mGluRs with a combination of MCPG (1 mM) and CPPG (200 M), a specific group III antagonist, increased firing rate from 0.3 Ϯ 0.1 Hz during the control period to 0.7-0.3 Hz during treatment (n ϭ 15; p Ͻ 0.03). Figure 7B shows a representative example, and Figure 7D illustrates the percentage change from control. These data suggest that through modulating GABA drive to GnRH neurons and perhaps other network effects, endogenous activation of mGluRs changes the firing rate of these cells.
An interesting question arising from the combination of this notion and the frequency dependence of the effect of mGluR antagonists on the interval between GABAergic PSCs is whether the change in firing rate observed in extracellular recordings is dependent on the initial frequency. To test this, the fold difference from control was compared between groups of cells with initial firing frequencies above versus below the median. ACPD induced a 64 Ϯ 10% decrease in firing rate in cells below the median, which is similar to the 87 Ϯ 6% decrease in cells above the median. In contrast, mGluR antagonist treatment induced a 13 Ϯ 7-fold increase in firing rate in cells below the median, whereas the decrease was only 3 Ϯ 1-fold in cells above the median. With regard to antagonist treatment, the bias toward more stimulation in low-firing-frequency cells may be in part because of greater endogenous activation of mGluRs in the GABA neurons afferent to those cells leading to reduced GABAergic transmission. Likewise, in high-firing-frequency cells, if endogenous mGluR activation is low, antagonism of these receptors would be expected to have a smaller effect.
Another question that arises from the extracellular recording experiments is whether the changes in firing rate observed are caused by mGluR agonist and antagonist effects on presynaptic glutamatergic neurons. To test this, we repeated these studies in the presence of the ionotropic glutamatergic receptor (iGluR) blockers APV and CNQX. The mGluR agonist ACPD (50 M) still significantly inhibited GnRH neuron firing rate from 0.46 Ϯ 0.12 Hz during the control period to 0.11 Ϯ 0.05 Hz during treatment (n ϭ 7; p Ͻ 0.001) (percentage change shown in Fig.  7E ). Because iGluR activation was blocked throughout the recording, these data indicated the decrease in firing rate induced by ACPD is not caused by a removal of excitatory glutamatergic transmission. Likewise, the mGluR antagonists MCPG plus CPPG still increased GnRH neuron firing after iGluR blockade, from 0.09 Ϯ 0.03 Hz during the control period to 0.42 Ϯ 0.14 Hz during treatment (n ϭ 10; p Ͻ 0.01) (percentage change shown in Fig. 7F ) . Thus, the stimulation in firing rate was not attributable to an increase in iGluR-mediated transmission. 
Activation of GnRH neurons alters PSC frequency in an mGluR-dependent manner
The recent report that GnRH neurons express VGLUT2 (Hrabovszky et al., 2004) prompted us to ask whether GnRH neurons might serve as a source for the glutamate that activates mGluRs on their afferents. As an initial test of this hypothesis, sPSCs were recorded in a GnRH neuron for a 60 s control period. Then the GnRH neuron was depolarized 20 times over 1 s to ϩ20 mV for 2 ms duration to simulate firing activity (Fig. 8 A,  top) and sPSCs recorded for another 60 s. These studies were done under control conditions (n ϭ 29 cells) (Fig. 8 A, B) and in the presence of mGluR antagonists MCPG plus CPPG (n ϭ 11 cells) (Fig.  8C,D) . After the simulated firing activity, PSC frequency was suppressed ( p Ͻ 0.0001) (Fig. 8 E, F ) for ϳ10 -15 s in control neurons. This suppression was reduced in the presence of the mGluR antagonists MCPG plus CPPG. In contrast, neither a GnRH receptor antagonist [(DpGlu 1 ,D-Phe 2 , D-Trp 3,6 )-GnRH; 5 M; n ϭ 13; Bachem, Torrance, CA] nor a galanin receptor antagonist (galantide; 100 nM; n ϭ 14) blocked the stimulationinduced decrease in PSC frequency, indicating that this effect is more likely mediated by glutamate rather than GnRH or galanin release from GnRH neurons (Fig.  8 F) . Note that mean PSC frequency was not affected in this study, which initially appears in contrast with the data in Figure  6 . It should be noted, however, that because our hypothesis was that activation of GnRH neurons would depress PSC frequency, the majority of cells tested had a higher initial frequency. These were the cells with the least response to MCPG plus CPPG with regard to frequency. These data thus suggest GnRH neural activity initiates a local feedback circuit that uses mGluRs to regulate the activity of GABA neurons afferent to that GnRH neuron.
As an initial test of the composition of this feedback circuit, we repeated the above experiment in the presence of TTX to block sodium-dependent action potentials (n ϭ 21). Under these conditions, simulated firing in GnRH neurons no longer caused a suppression in the activity of the presynaptic GABA neuron (Fig. 8F ). This may indicated that an interneuron lies between the output of the GnRH neuron and the GABA afferent or that a TTX-sensitive, sodium-dependent release or response mechanism exists in the GnRH neuron or GABA afferent, respectively. A potential caveat to this experiment, however, is that the initial frequency of mPSCs was reduced compared with sPSCs. This may make suppression more difficult to reveal. and we thus interpret these results as only a preliminary indication. 2000; Bilger et al., 2001; Moenter, 2004a,b, 2005) . Here, we demonstrate glutamatergic neuromodulation of both GABAergic transmission to, and the firing rate of, GnRH neurons. These effects occur presynaptically through group II/III mGluRs and are mimicked by GnRH neural activity, suggesting a role for mGluRs in a feedback circuit.
Discussion
mGluRs modulate neurotransmission, acting presynaptically to reduce transmission at glutamatergic and GABAergic synapses (Glaum and Miller, 1993; Liu et al., 1993; Schoepp and Conn, 1993; Desai et al., 1994; McBain et al., 1994; Chu and Hablitz, 1998; van Hooft et al., 2000) . In other brain regions, excitatory glutamate effects may be in part attributable to a concomitant reduction in inhibitory GABAergic drive through this mechanism. In GnRH neurons, this may not be the case. Although an area of ongoing investigation (Han et al., 2002 (Han et al., , 2004 Moenter et al., 2004) , evidence suggests GnRH neurons maintain elevated chloride concentrations , placing them in a subcategory of neurons that are depolarized by GABA A receptor activation in adulthood (Gallagher et al., 1983; Miller and Dacheux, 1983; Kurahashi and Yau, 1993; Lowe and Gold, 1993; Rohrbough and Spitzer, 1996; Gulledge and Stuart, 2003) . Consistent with this, GABAergic transmission to GnRH neurons and responsiveness of these neurons to GABA is directly, not inversely, correlated with reproductive measures (Bilger et al., 2001; Moenter, 2004a,b, 2005) . The present results extend these observations. Specifically, mGluR activation inhibited, whereas mGluR antagonism increased, GABAergic transmission to GnRH neurons. In extracellular recordings, which maintain normal intracellular chloride milieu and thus response to GABA, mGluR activation reduced GnRH neuron firing, whereas antagonism stimulated firing. In this study, multisynaptic network effects could account for observed changes. In this regard, blocking iGluRs had no effect on the response to mGluR manipulation in extracellular studies, indicating effects were not secondary to changes in fast glutamatergic transmission. Because firing rate is correlated with release of GnRH and other neurohormones (Dutton and Dyball, 1979; Nunemaker et al., 2001) , these data suggest activation of mGluRs inhibits hormone release, as it did GABAergic transmission.
The present results define one role for glutamatergic action in the GnRH neurosecretory system. Although GnRH neurons express both AMPA-and NMDA-type iGluRs (Brann and Mahesh, 1997; Gore, 2001 ) and produce currents in response to agonist (Spergel et al., 1999; Kuehl-Kovarik et al., 2002) , functional glutamatergic inputs to GnRH neurons have not been well studied directly at the GnRH neuron. Whole-animal and tissue-explant studies demonstrated stimulation or antagonism of iGluRs changed GnRH neuron activity monitored via cFos or release of GnRH or downstream pituitary hormones (Ebling et al., 1990; Lee et al., 1993; Brann and Mahesh, 1997; Gore, 2001; Ottem et al., 2002) . Despite limitations in identifying specific sites of action for glutamate agonists/antagonists, these studies indicate a stimulatory role for iGluRs in reproduction. The present results suggest a novel role for mGluRs: to inhibit GABAergic transmission directly to GnRH neurons. Because of the dominance of GABAergic contacts and synaptic transmission to these neurons (Sim et al., 2000; Jansen et al., 2003; , mGluRs may substantially impact GnRH neuron activity.
There are several sources of glutamate for endogenous activation of these receptors. First, there may be glutamatergic innervation of the presynaptic GABA neuron. Second, glutamatergic stimulation of the postsynaptic GnRH neuron may allow transmitter diffusion that could activate presynaptic mGluRs. This so-called "spillover" provides a mechanism for cross talk and integration between nearby synapses (Scanziani et al., 1997; Vizi and Kiss, 1998; Mitchell and Silver, 2000; Semyanov and Kullmann, 2000) . Such heterosynaptic depression is evident in the hippocampus and is abolished by mGluR antagonists (Scanziani et al., 1997) . Third, the presynaptic GABA neuron itself may be glutamatergic. Although not released by most GABAergic terminals (Somogyi et al., 1986) , glutamate is a precursor for GABA synthesis. In some cases, both GABA and glutamate are stored by the same terminals (Sandler and Smith, 1991; Somogyi, 2002; Ottem et al., 2004) and may be coreleased. Finally, postsynaptic dendrites may release glutamate or other transmitters specifically to the presynaptic terminals (Zilberter, 2000) . This latter mechanism, or a reciprocal axonic connection, is interesting, because most GnRH neurons express VGLUT2 (Hrabovszky et al., 2004) . GnRH neurons are thus poised to release glutamate, regulating local transmitter milieu and thereby GABAergic transmission to themselves. Supporting this, simulation of firing in GnRH neurons reduced GABAergic PSC frequency in an mGluR-dependent manner, whereas blocking galanin or GnRH receptors did not alter this response. The latter is consistent with previous observations that few non-GnRH neurons in the preoptic area express GnRH receptors (Xu et al., 2004) . This suggests GnRH neurons are either one of many direct sources of glutamate activating presynaptic mGluRs or that they initiate a local feedback circuit that uses mGluRs to inhibit their afferents. The elimination of the feedback by TTX suggests at least one interneuron is involved in this circuitry; however, these data may be confounded by the lower initial frequency of mPSCs, making suppression difficult to reveal.
The involvement GnRH neurons in a local feedback circuit may explain the frequency dependence of the PSC response to mGluR antagonists. When PSC frequency was high, mGluR antagonism had little effect, suggesting low endogenous activation of these receptors. In contrast, when PSC frequency was low, mGluR antagonism increased frequency, suggesting elevated endogenous activation of mGluRs contributes to lowering GABAergic transmission to these cells. GnRH neurons thus present as two populations with regard to PSC frequency and mGluR activity. These may be two functionally distinct populations with regard to afferent response to mGluRs. The consistent inhibition of GABA transmission to these neurons by mGluR activation argues against this.
Alternatively, there may be one population with a component(s) that varies temporally. One such temporal variable may be a cycle of GABAergic transmission. At the time a recording is initiated, a cell may be at any point in that cycle. Those at the peak will have initial high-frequency PSCs, those at the trough, low-frequency PSCs. This suggests a second temporal variable: endogenous variations in glutamatergic milieu that provides set points for GABAergic transmission to GnRH neurons.
The spontaneous changes in GnRH neuron firing rate in combination with their glutamatergic phenotype makes them an attractive option for producing a variable local glutamate milieu. The GnRH neural network must operate in an intermittent manner, with hormone release every few minutes to every few hours, for reproduction to proceed. Anterior pituitary function depends on GnRH release being episodic rather than continuous (Belchetz et al., 1978) , and frequency of GnRH codes for differential secretion of two hormones produced in the target cells (Wildt et al., 1981; Shupnik, 1990) . The source of episodic GnRH release is unknown, but evidence suggests the rudiments are within the GnRH neural network. GnRH cell lines produce rhythmic firing, hormone release, gene transcription, and calcium oscillations in the absence of other cell types (Krsmanovic et al., 1992; Martinez de la Escalera et al., 1992; Charles and Hales, 1995; Nunez et al., 1998; Nunemaker et al., 2001; Pitts et al., 2001; VazquezMartinez et al., 2001) . Cultured primary GnRH neurons, GnRH neurons in brain slices, and acutely dispersed GnRH neurons, although subject to influences from other cell types, also exhibit spontaneous rhythmic activity KuehlKovarik et al., 2002; Moore et al., 2002; Nunemaker et al., 2002) .
Although the source of the rhythm may be the GnRH neuron, various inputs help synchronize, increase the robustness, and affect the frequency of this rhythm to produce the overall pattern of hormone release. GnRH neurons produce burst rhythms at higher frequency than hormone release Kuehl-Kovarik et al., 2002; Nunemaker et al., 2003b) , suggesting the overall pattern of hormone release requires interactions with other GnRH neurons and/or other cell types . GnRH-GABA feedback may occur at this higher-thanhormone-release frequency. Furthermore, a number of factors that influence fertility, including photoperiod (Barrell et al., 2000) , steroids (Herbison, 1998) , nutrition (Schreihofer et al., 1993) , and stress (Williams et al., 2001) , are not received directly or exclusively by GnRH neurons. Some of these are conveyed, in part, by changes in GABAergic transmission Moenter, 2004a,b, 2005) .
A change in the duration of a cycle of GABAergic transmission could account for and drive such responses. Alternatively, but not exclusively, changes in the GnRH neuron firing pattern in combination with other non-GnRH sources of glutamate input to GABAergic afferents could adjust a GABAergic transmission cycle via mGluR activation. mGluR modulation impacts the overall activity of this neuroendocrine system, as was evidenced in the extracellular recordings in the present study. The demonstration that endogenous activation of presynaptic mGluRs plays a role in setting GABAergic transmission to GnRH neurons has implications for both the transmission of cues that affect fertility and for generation/modulation of rhythmic GnRH release.
